The effect of revolution on inhomogeneous plastic deformation of HPT processed IF steel was investigated using experimental and simulation approaches. The results indicate that the degree of inhomogeneous plastic deformation increases as the revolutions increase along the radial direction on the transversal plane of disks. In addition, the hardness and the microstructure distributions verify the trend that the effective strain of the HPT processed disks at the early torsion stage is gradually deformed from the edge to the center with the revolutions increases.
Introduction
In recent 20 years, the investigation on the micro-structural evolution of ultrafinegrained (UFG) materials surged tremendously due to outstanding characteristics of UFG materials, especially mechanical properties [1] [2] [3] [4] . Severe plastic deformation (SPD) processes have been used as convenient methods to manufacture ultrafinegrained, nanostructured metals and their alloys. Several SPD processes are used to manufacture UFG materials, including equal-channel angular pressing (ECAP), accumulative roll bonding (ARB), high-pressure torsion (HPT) and so on. Among these SPD methods, the HPT process is especially attractive because of its great potential to produce finer grains, with a higher fraction of high-angle grain boundaries [5] - [10] .
The concept of the HPT process was first proposed over 70 years ago by Bridgman, but the process has been intensively investigated with respect to grain refinement within the last 10 years [5] [6] [7] . The process of HPT consists of two stages: compression stage and compression-torsion stage. In the first stage, high pressure is applied to a sample placed in between the top and bottom dies. In the second stage, the bottom die is rotated at the high pressure of upper die and a set rotational speed. A large amount of shear deformation is imposed on the disk by multiple rotations of the die during the torsion stage. During the HPT process, the heterogeneity of the deformation is affected by factors such as pressure, the number of revolutions, the coefficient of friction and so on, especially the number of revolutions.
Recent research mainly focuses on the degree of deformation under different conditions [11] - [16] . The results indicate that the deformation is more severe with the one of three factors increasing, including pressure, the number of revolutions and coefficient of friction [11] [12] [13] [14] . However, there is little literature on inhomogeneous deformation study of HPT processing [15] [16] .
In this paper, the mainly factor of the number of revolutions on the inhomogeneous deformation of IF steel disks during the HPT process was investigated using FEM and experiments.
Experimental and Simulation Procedures

Materials and Experimental Procedure
In this work, IF steel was used as raw material for HPT process, which was manufac- An FM-700 micro-hardness tester was used to measure the hardness with pressure loading of 100 g for 10 s. On the symmetric section of disks' thickness direction, the hardness is measured interval 0.5 mm distance from axial center to edge along with the radius direction. Micro-structures at different positions on the disks were observed using optical microscopy (Olympus U-TV0.5xc) taken from the disks after the HPT process.
Simulation Procedure of DEFORM Code
A commercial rigid-plastic finite element method (FEM) code (DEFORM-3D) was used to simulate the plastic deformation of IF steel disks in HPT process. In the FEM simulations, the initial dimensions of the disks were 20 mm diameter and 2.0 mm thickness. The number of the initial mesh in the sample was 25521 and this number of elements was enough to show the local deformation of the sample by calculation with-out changing the number of elements, as shown in Figure 1 . All the strain data taken from DEFORM-3D code was processed using the Origin software for linear presentation, and the effective strain is calculated automatically based on Von-Mises yield criterion. Figure 2 shows the effective strain distribution on the selected line and the effective strain distribution of half HPT processed IF steel disks (2.5 GPa; 0, 2/4, and 1 turns). A line is selected near the surface to investigate the trend of effective strain along radial direction except the flying edge, as show in Figure 2(a) . The results indicate that large deformation reduces gradually from the edge to the center along the radial direction at the early torsion stage of the HPT process due to the vertical wall constraint and the friction between disk and dies. In addition, the highest value of effective strain on the selected line increases from ~0.84 to ~8.18 with the revolutions increases to 1 turn.
Results and Discussion
Inhomogeneous Distributions of Effective Strain
That means that, as the revolution increasing, the deformation of HPT processed disks is more inhomogeneous. As the Figure 3(a) shows, low hardness values in the center and high values at the edge: after 1 turn, the hardness values in the center, middle, and edge are 136.7, 189.6, 322.5 HV, respectively, exhibiting the same trend as in the literature [11] [17] [18] . In addition, the amplification of hardness from center to edge of disks is more and more big with the revolutions increase. Figure 3(c) clearly indicates that without torsional straining (0 turns), the grain boundaries are clearly observed and the grains are insufficiently equiaxed. In contrast, after an additional revolution in the same torsional direction to give 1 turn, the grain boundaries become obscure and the grains are reasonably equiaxed. That is to say, severe grain deformations and progressively larger deformation zone proceed gradually from the edge to the center with increasing the revolutions, which corresponds to the hardness distribution on the transversal testing plane. That means the micro-structure distribution of HPT processed disks is more inhomogeneous with the revolution increase, same as hardness distribution.
Inhomogeneous Distributions of Hardness and Micro-Structures
The hardness distribution of the experimentally compressed disks was reflected in the strain distribution of the simulations [19] [20] . 
Conclusions
In this study, the effect of number of revolutions on inhomogeneous plastic deformation of HPT processed IF steel was investigated using experimental and simulation approaches. Inhomogeneous strain and variation in hardness (lower hardness in the center and higher hardness at the edge) exist on the transversal planes of disks.
The simulation results indicate that the degree of inhomogeneous effective strain increases as the revolutions increase, with the lower strain in center and higher strain in edge along the radial direction on the transversal plane of HPT processed IF steel disks.
According to the experimental results, the hardness and the microstructure distributions have similar trend with the effective strain distribution of the HPT processed disks at the early torsion stage, while a gradual deformation from the edge to the center is more severe with the revolutions increases.
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